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Spin transport properties of graphene non-local spin valve devices are typically determined from
Hanle spin precession measurements by using a simplified solution of the one-dimensional Bloch-
Torrey equation which assumes infinitely long transport channels and uniform spin transport param-
eter. We investigate the effects of a finite graphene size and explore the influence of spatially-varying
transport parameters on the measured Hanle curves by finite element simulations. We assume en-
hanced spin dephasing in the contact-covered graphene areas with additional Fermi level pinning and
explore the influence of non-magnetic reference electrodes which are not properly decoupled from
graphene. In experiments, it is typically observed that the spin lifetime increases with increasing
charge carrier density. None of our simulations can reproduce this trend indicating that this de-
pendency originates from spin transport through graphene areas which are not covered by contacts.
We find that the extracted spin lifetime might be overestimated in flakes which are shorter than
the spin diffusion length. Moreover, contact-induced spin dephasing leads to an overall reduction
of the extracted spin lifetime. Additionally, we show that non-magnetic reference electrodes may
also influence the measured spin lifetime even though they are not part of the transport area under
investigation.
I. INTRODUCTION
Graphene is one of the most promising materials in
the field of spintronics as it combines long spin lifetimes
and long spin diffusion length which results from high
charge carrier mobilities at room temperature1–5. In
most experiments the spin transport parameters such as
the spin lifetime and the spin diffusion length are ex-
tracted from Hanle spin precession measurements using
non-local graphene-based spin valve devices6. The re-
sulting Hanle depolarization curves are often fitted by a
simplified solution of the one-dimensional Bloch-Torrey
equation7–9. This solution assumes that the graphene
flake is infinitely long, i.e. much longer than the spin
diffusion length, and that the spin transport parameter
are uniform across the whole flake.
In experiments, however, the flake size is typically re-
stricted to a few tens of micrometers. Due to recent im-
provements in device quality, the spin diffusion length
now approaches the overall sample size10–16. Addition-
ally, confocal Raman measurements revealed that there
are strong doping variations along the graphene trans-
port channel, i.e. graphene areas in direct contact to
spin injection and spin detection electrodes are typically
highly doped with doping densities exceeding 1012cm−2,
which is more than one order of magnitude larger than for
contact-free graphene areas10. Moreover, there is strong
evidence that the spin lifetime is reduced in the area
of the electrodes whenever there is interaction between
the metal and graphene16–18. Hence, the assumption
of uniform spin transport parameters may not be valid
and, therefore, it is interesting to investigate the effect
of spatially-varying transport parameter. In addition,
it is typically observed that the spin lifetime increases
with increasing gate voltage, i.e. increasing charge car-
rier density10–12,17–24. Although there are several theo-
ries which can explain such a behavior25–27, none of them
can unambiguously be proven up to now. Hence, it is
interesting to explore if spatially-varying transport pa-
rameters can also lead to the observed gate dependence.
In this paper we use a finite element simulation to in-
vestigate the influences of both a finite flake size and
spatially-varying spin transport parameters on the mea-
sured Hanle curves. In the first part (Section 3) we in-
vestigate the effect of a finite flake size where uniform
transport parameter are considered. In the second part
(Section 4) we look at spatially-varying spin transport
parameter caused by the electrodes themselves, while in
a last part (Section 5) we focus on the impact of metallic
reference electrodes which are not part of the actual spin
transport channel.
II. SIMULATION DETAILS
For the simulations we use a finite element solver
(COMSOL Multiphysics R©) which simulates the evolu-
tion of an injected spin accumulation in two dimen-
sions. The size of the graphene flake is assumed to be
30µm × 5µm which corresponds to a typical flake size
used in experiments. A sketch of the device structure
is shown in Figure 1a. The electrode configuration is
comparable to the layout used in some of our previous
spin transport experiments10,11,24. The electrode width
for the outer contacts reference electrodes is W = 1µm
and is alternating between W = 600 nm and W = 300 nm
for the inner electrodes. The distance between electrodes
varies between L = 2µm and L = 3.5µm. For the sake of
simplicity we assume a constant and uniform spin injec-
tion rate throughout the whole area of the spin injection
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2contact. Interface effects such as spin dependent back
scattering28,29 into the electrodes are neglected. For the
spatial evolution of the local injected spin accumulation
s(x, y) we use the Bloch-Torrey equation7–9
∂s(x, y)
∂t
= s(x, y)×ω +Ds∇2s(x, y)− s(x, y)
τs
+ f (x),
(1)
where ω = gµBBh¯ is the Larmor frequency with the Bohr
magneton µB, the Lande´ factor g = 2 for graphene and
the magnetic field B . Furthermore, Ds is the spin dif-
fusion coefficient and τs the spin lifetime. From these
values the spin diffusion length λs =
√
Dsτs can easily be
calculated. Additionally, f (x) is the spin injection rate
with f (x) 6= 0 in the area of the injection electrode and
f (x) = 0 elsewhere. We note that we do not consider
spin drift effects14,30 and solely focus on spin diffusion
towards the spin detector. The spin diffusion coefficient
Ds is assumed to be equal to the charge diffusion coeffi-
cient Dc which can be calculated from the charge carrier
mobility µ and the induced charge carrier density n via
the conductance σ = neµ with σ = e2ν(EF)Dc
31. Here,
e is the electron charge and ν(EF) the density of states
in graphene at the Fermi energy. Moreover, the charge
carrier density is expressed via the applied gate volt-
age Vg using a standard capacitance model as n = αVg
where α = 7.18×1014 /(m2V) is the lever arm for 300 nm
SiO2
32. We assume the charge neutrality point to be at
Vg = 0 V if not stated otherwise. Hence, the spin life-
time, the charge carrier mobility and the applied gate
voltage are input parameters for the simulation. All pa-
rameters can additionally be varied and/or fixed for dif-
ferent regions of the device. The simulation calculates the
steady-state spin distribution within the graphene flake
for both different gate voltages (see Figure 1c) and dif-
ferent out-of-plane magnetic fields B = Bez. The latter
is used to evaluate the spin properties at the detection
electrode only where we integrate the resulting spin accu-
mulation in y-direction over the whole contact area. This
approach assumes an ideal reference electrode in the ex-
periment which is either non-magnetic or is placed at a
distance relative to the injector where the spin accumula-
tion is completely decayed. When plotting the integrated
spin accumulation as a function of the applied magnetic
field we reproduce the symmetric Hanle curve from our
simulation (see Figure 1b) which we fit by the standard
Hanle function (see Ref.18).
III. INFLUENCE OF FLAKE SIZES
First we investigate the influence of the graphene flake
size on the spin transport parameters. For this we as-
sume a charge carrier mobility of µ = 20, 000 cm2/(Vs)
and a spin lifetime of τs = 5 ns which are typical val-
ues recently measured on advanced spin valve devices at
room temperature10–13. All parameters are assumed to
be uniform across the whole graphene flake. The ex-
tracted gate dependent spin transport parameters are
shown in Figures 1d-f. The amplitude of the spin signal
∆Rnl in Figure 1d is given by the difference in non-local
resistance between parallel and antiparallel alignments of
the respective magnetization directions of the spin injec-
tion and detection electrodes at B = 0 T. It shows a
decrease with increasing gate voltage as expected from
theory33. Due to an enhanced spin diffusion coefficient
at large gate voltages the spins can diffuse further and
the resulting decay of the spin accumulation diminishes
and, hence, ∆Rnl gets smaller. The spin lifetime in Fig-
ure 1e shows an M-shape with a weak decrease of τs to-
wards Vg = 0 V. Most importantly, the extracted spin
lifetime exceeds 10 ns and is thus overestimated by more
than a factor of two compared to the true spin lifetime
of τs = 5 ns (see blue solid line in Figure 1e). This effect
is in accordance to a previous simulation by Wojtaszek
et al.34. The spin diffusion length in Figure 1f exhibit
a qualitatively different gate dependence (open circles)
than the expected V-shape which results from the con-
stant spin lifetime combined with a gate dependent in-
crease of the spin diffusion coefficient (solid line). The
decrease of the extracted λs values towards larger gate
voltages indicates that the spin diffusion process gets sup-
pressed. This behavior can be understood from the gate
dependent decay of the magnitude of the spin accumu-
lation s along the graphene channel which is plotted in
Figure 1c for Vg = 5 V and Vg = 70 V at B = 0 T. It can
be seen that the spins can reach the end of the graphene
flake at x = ±15µm where they can be reflected and once
again reach the detection electrode. Due to their longer
path length these spins acquire a larger phase than spins
which directly reach the detector electrode without being
reflected. Hence, the overall spin accumulation under-
neath the detector dephases faster with increasing mag-
netic field when reflection at the end of the graphene flake
becomes relevant. This leads to narrower Hanle curves
which mimics longer spin lifetimes. This effect can be
seen in Figure 1b where the simulated Hanle curve for
Vg = 70 V is shown. Additionally, the respective fit (red
curve) and the expected Hanle curve (green curve) are
included. This explains why the analysis of the Hanle
curves overestimates the extracted spin lifetime.
When comparing the simulations to the experimental
data, especially to the device which exhibit a spin life-
time of τs = 12.4 ns (see Ref.
11), it might be assumed
that the long spin lifetimes may result from the reflec-
tion at the ends of a short graphene flake. In this case
the actual spin lifetime would be shorter. However, the
device in question clearly shows the expected increase in
spin diffusion lengths with increasing gate voltages which
contradicts the respective gate dependence of the simula-
tion (Figure 1f). Moreover, the gate dependent spin dif-
fusion length in Figure 1f shows a clear underestimation
at larger gate voltages which is caused by an underesti-
mation of Ds (see difference between solid line and data
points in Figure 1f). Thus, it would be expected that Ds
deviates from Dc in the experiment which is not the case
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Figure 1. Simulation of a graphene flake with uniform spin transport parameters with τs = 5 ns and µ = 20, 000 cm
2/(Vs).
(a) Geometry of the spin transport device with assigned spin injection and spin detection electrodes. (b) Simulated Hanle
curve for Vg = 70 V. Next to the simulated data points also the fit (red curve) and the expected Hanle curve (green curve) for
the genuine spin transport parameters are included. (c) Spatial variation of the spin accumulation for two back gate voltages
Vg = 5 V and Vg = 70 V. The positions of the contacts are indicated by the grey areas. (d-f) Fitted spin transport parameters
as a function of gate voltage: (d) The magnitude of the spin signal ∆Rnl, (e) the spin lifetime τs, and (f) the spin diffusion
length λs. All data were extracted from the simulated Hanle curves. The solid lines in (e) and (f) show the respective values
which were used as the parameters for the simulations.
(see Ref.11). Therefore, we exclude that the finite flake
size is responsible for the measured long spin lifetimes.
IV. SPATIALLY-VARYING SPIN TRANSPORT
PARAMETER
Contact-induced spin dephasing has been dis-
cussed to be a dominant dephasing mechanism in
graphene17,18,35–37. Therefore, it is interesting to eval-
uate the gate dependent spin transport parameters in
such a non-uniform system where we spatially vary the
spin transport properties. For the contact-covered ar-
eas (blue areas in Figure 2a) we assume a spin life-
time of τs = 0.5 ns and a spin diffusion coefficient of
Ds = 0.2 m
2/s. The latter value equals the diffusion
coefficient at Vg = 70 V for a device mobility of µ =
20, 000 cm2/(Vs). In this case the resulting charge car-
rier density matches the one calculated from the contact-
induced doping density which was extracted from confo-
cal Raman spectroscopy10. Because of shielding of the
gate electric field by the electrodes and/or Fermi level
pinning38,39, both the spin lifetime and the spin diffu-
sion coefficient are assumed to be independent on the
gate voltage in all contact areas in Figure 2a (blue ar-
eas). For the bare parts of the graphene flake we use the
same spin lifetime of τs = 5 ns and the same mobility of
µ = 20, 000 cm2/(Vs) as above. In this case the resulting
diffusion coefficient is gate dependent.
We next discuss the the gate dependent spin transport
properties (shown in Figures 2d-f) which we extract from
fitting the simulated Hanle curves to the simplified equa-
tion which assumes uniform spin lifetimes and spin diffu-
sion coefficients. An example of a simulated Hanle curve
is shown in Figure 2b for Vg = 70 V. Additionally, the
respective fit (red curve) and the expected Hanle curve
(green curve) are shown. For the amplitude of the spin
signal ∆Rnl there is a decrease for increasing gate volt-
ages as it is expected for higher charge carrier mobilities
consistent with the results in the previous section. For
the spin lifetime a small increase for low gate voltages
can be observed before it approaches a value of around
τs = 2.2 ns. This value roughly corresponds to the aver-
age of the spin dephasing rates (1/τs) which is weighted
by their contribution to the transport length Lcc given
by the center-to-center distance between the injector and
detector contacts. In this case, the actual spin lifetime
is underestimated by more than a factor of two. How-
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Figure 2. Simulation in the case of contact-induced dephasing. (a) Geometry of the spin transport device with assigned spin
injection and spin detection electrodes. The blue areas depict the contact-covered areas where the spin lifetime of graphene is
reduced to τs = 0.5 ns and the diffusion coefficient is assumed to be gate independent and is fixed at Ds = 0.2 m
2/s. For the
graphene in between the electrodes we again set the spin lifetime to τs = 5 ns and the electron mobility to µ = 20, 000 cm
2/(Vs)
which means that Ds changes which the applied gate voltage, i.e. induced charge carrier density. (b) Simulated Hanle curve
for Vg = 70 V. Next to the simulated data points also the fit (red curve) and the expected Hanle curve (green curve) for the
genuine spin transport parameters are included. (c) Spatial variation of the spin accumulation for Vg = 5 V and Vg = 70 V.
The positions of the contacts are indicated by the shaded areas. (d-f) Fitted spin transport parameters as a function of gate
voltage: (d) The magnitude of the spin signal ∆Rnl, (e) the spin lifetime τs, and (f) the spin diffusion length λs. All data
were extracted from the simulated Hanle curves. The solid lines in (e) and (f) show the respective values which were used as
parameter for the simulation.
ever, the increase in spin lifetime for low gate voltages
is similar to what is observed in experiments10–12,17–24.
But the relative change in amplitude in the simulation
is significantly smaller. For the spin diffusion length it
can be seen that the values first increase for low gate
voltages and thereafter decrease for larger gate voltages.
This behaviour can be understood when considering the
spatial distribution of the respective spin accumulations
(Figure 2c). For Vg = 5 V distinct kinks can be observed
in the regions of the contacts which are caused by the
larger spin diffusion coefficient. Nevertheless, the over-
all measured diffusion coefficient is mainly determined by
the contact-free parts of the graphene which lead to an
increase of the diffusion length. For Vg = 70 V the kinks
in the spin accumulation are not visible anymore. Here,
the diffusion coefficients of both regions (contact-covered
and bare graphene) become similar. However, the ex-
tracted average diffusion is suppressed due to the finite
flake size as seen before.
V. METALLIC REFERENCE ELECTRODES
In the previous section it was shown that an enhanced
spin dephasing underneath the contacts leads to an over-
all reduced spin lifetime. The next simulation investi-
gates the role of outer metallic reference electrodes such
as gold which has been used in some experiments20,21,40.
Due to the large spin orbit interaction in gold and the ab-
sence of an injection and detection barrier between the
gold and graphene, these electrodes are expected to act
as a spin sink. As a result, the spin lifetimes in gold-
covered graphene regions are expected to be very short.
Therefore, the spins most likely will not reach the end
of the graphene flake and the spin lifetime will not be
overestimated. However, it is not clear how the actual
measurements will be influenced. For the simulation we
assume a spin lifetime of τs = 10 ps for the gold contacts
while for the bare graphene again τs = 5 ns is used. Addi-
tionally, a gate dependent diffusion coefficient is used for
the entire flake and a mobility of µ = 20, 000 cm2/(Vs) is
assumed.
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Figure 3. Simulations in case of gold reference electrodes which can act as a spin sink. (a) Geometry of the spin transport
device with assigned spin injection and spin detection electrodes. The blue areas depict the position of the reference electrodes
where the spin lifetime is reduced to τs = 10 ps. For the remaining graphene flake we set a spin lifetime of τs = 5 ns. The
diffusion coefficient is assumed to be gate tunable and is calculated from the induced charge carrier density and an electron
mobility of µ = 20, 000 cm2/(Vs) for the entire flake as before. (b) Simulated Hanle curve for Vg = 70 V. Next to the simulated
data points also the fit (red curve) and the expected Hanle curve (green curve) for the genuine spin transport parameters are
included. (c) Spatial variation of the spin accumulation for Vg = 5 V and Vg = 70 V. The positions of the contacts are indicated
by the shaded areas. (d-f) Spin transport parameters as a function of gate voltage: (d) The magnitude of the spin signal ∆Rnl,
(e) the spin lifetime τs, and (f) the spin diffusion length λs. All data were extracted from the simulated Hanle curves. The
solid lines in (e) and (f) show the respective values which were used as parameter for the simulations.
The respective fit results are plotted in Figures 3d-f.
An example of a simulated Hanle curve for Vg = 70 V, the
respective fit (red curve) and the expected Hanle curve
(green curve) are shown in Figure 3b. Similar to the pre-
vious cases, the amplitude of the spin signal decreases to-
wards higher gate voltages but this time the effect is more
pronounced. This can be explained by the fact that for
larger diffusion coefficients (higher gate voltages) more
spins reach the gold electrodes and dephase. Hence, the
spin sink effect is more effective at large gate voltages. A
similar dependence can also be seen in the gate dependent
spin lifetime. Here, the lifetime is only on the order of
τs = 250 ps at large gate voltages which is much smaller
than the assumed value of τs = 5 ns. This means that also
non-magnetic contact regions which are not part of the
studied spin transport channel and which additionally
exhibit short spin lifetimes can lead to tremendous un-
derestimation of the real spin lifetime. Additionally, also
the spin diffusion lengths exhibit the largest values at low
gate voltages and a drop towards higher gate voltages to
an almost constant value (Figure 3f). When investigat-
ing the spatial distribution of the spin accumulation in
Figure 3c, it becomes obvious that, due to the short spin
lifetime in the graphene areas of the gold contacts, the
spin accumulation is basically forced to be zero, i.e. the
gold contacts act as a spin sink. This of course changes
the spatial gradient of the spin accumulation and, there-
fore, the diffusion process. To enhance the spin trans-
port properties in future devices, our results suggest us-
ing only decoupled non-magnetic reference electrodes by,
for example, adding additional injection and detection
barriers between the non-magnetic metal and graphene
which is expected to maintain the spin polarization.
VI. CONCLUSION
In summary we have demonstrated that only in case
of high quality graphene with uniform spin transport pa-
rameters it is possible to overestimate the experimen-
tally extracted spin lifetimes from Hanle spin precession
curves. In contrast, if one graphene region in a non-local
spin valve device exhibits a short spin lifetime by, for
example, contact-induced spin dephasing, this will also
6effect the spin lifetime extracted in any other region of
the device which become underestimated. This impact
is almost independent of the particular location of the
non-uniformity as long as it is positioned within the spin
diffusion length relative to the spin injection electrode.
However, none of the simulations showed a significant in-
crease of the spin lifetime with increasing gate voltage
indicating that this dependence is not directly linked to
the non-uniformities but rather attributed to a spin de-
phasing process in contact-free graphene parts of the de-
vice. This does not exclude the possibility that the over-
all spin lifetime is still influenced by contact-induced spin
dephasing. We conclude that an ideal graphene-based
spin transport should have a long graphene flake, i.e. ex-
ceeding 100µm, to avoid back reflection of the spins. The
non-magnetic reference electrodes should be properly de-
coupled from the graphene by using insulating barriers.
These barriers, which are also used for the spin injection
and spin detection, need to be homogeneous and thick
enough in order to not influence the transport proper-
ties of the graphene flake. Additionally, the length of the
transport region can be enhanced in order to minimize
potential spin scattering from the contacts.
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